Inducible nitric oxide synthase (iNOS) activity increases in acute and chronic inflammatory lung diseases. Imaging iNOS expression may be useful as an inflammation biomarker for monitoring lung disease activity. We developed a novel tracer for PET that binds to iNOS in vivo, 18 F-NOS. In this study, we tested whether 18 F-NOS could quantify iNOS expression from endotoxin-induced lung inflammation in healthy volunteers. Methods: Healthy volunteers were screened to exclude cardiopulmonary disease. Qualifying volunteers underwent a baseline, 1-h dynamic 18 F-NOS PET/CT scan. Endotoxin (4 ng/kg) was then instilled bronchoscopically in the right middle lobe. 18 F-NOS imaging was performed again approximately 16 h after endotoxin instillation. Radiolabeled metabolites were determined from blood samples. Cells recovered by bronchoalveolar lavage (BAL) after imaging were stained immunohistochemically for iNOS. 18 F-NOS uptake was quantified as the distribution volume ratio (DVR) determined by Logan plot graphical analysis in volumes of interest placed over the area of endotoxin instillation and in an equivalent lung region on the left. The mean Hounsfield units (HUs) were also computed using the same volumes of interest to measure density changes. Results: Seven healthy volunteers with normal pulmonary function completed the study with evaluable data. The DVR increased by approximately 30%, from a baseline mean of 0.42 ± 0.07 to 0.54 ± 0.12, and the mean HUs by 11% after endotoxin in 6 volunteers who had positive iNOS staining in BAL cells. The DVR did not change in the left lung after endotoxin. In 1 volunteer with low-level iNOS staining in BAL cells, the mean HUs increased by 7% without an increase in DVR. Metabolism was rapid, with approximately 50% of the parent compound at 5 min and 17% at 60 min after injection. Conclusion: 18 F-NOS can be used to image iNOS activity in acute lung inflammation in humans and may be a useful PET tracer for imaging iNOS expression in inflammatory lung disease.
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Inflammat ion contributes to many acute and chronic lung diseases. These diseases are associated with high morbidity and mortality rates as well as significant health-care use (1) (2) (3) . Despite this socioeconomic burden, therapeutic development for respiratory indications lags that of other disease areas (4) . This deficiency has been attributed in part to the lack of reliable biomarkers that accurately localize and quantify lung disease activity and assess response to treatment (5) .
Currently available techniques for assessing lung inflammation include invasive methods such as bronchoalveolar lavage (BAL) and lung tissue biopsy to directly examine immune cells. Induced sputum, although minimally invasive, requires significant patient effort to obtain adequate samples and is difficult to reproduce. Moreover, these tissue-based methods do not provide a global assessment of the inflammatory disease burden or information regarding cellular activity or function. Thus, noninvasive, molecularbased techniques for quantifying inflammation could improve on or provide complementary information to these existing approaches.
Several imaging methods have been investigated as potential noninvasive biomarkers for lung inflammation. CT can provide more detailed lung parenchymal characterization for inflammation than plain radiographs (6) , but the signal is nonspecific as infiltrates and thickening of the airways can be due to noninflammatory processes, such as edema or hemorrhage. 18 F-FDG imaging with PET has been used to measure neutrophilic lung inflammation in patients with acute respiratory distress syndrome, cystic fibrosis, and chronic obstructive pulmonary disease (7) (8) (9) (10) . However, neoplastic and fibrotic processes also increase glucose utilization, thus decreasing the specificity of 18 F-FDG for inflammation. Therefore, there remains a need for novel PET tracers that detect the expression of specific inflammatory markers in lung tissue.
Inducible nitric oxide synthase (iNOS, NOS2) is 1 of 3 nitric oxide synthase (NOS) isoforms that is constitutively expressed in normal lung epithelium (11) and is also induced by inflammatory stimuli (12) . Increased iNOS has been associated with either disease severity or progression in asthma (13, 14) , chronic obstructive pulmonary disease (15) (16) (17) , and acute respiratory distress syndrome (18, 19) . Preclinical studies also suggest a mechanistic link between iNOS expression and the development of emphysema, pulmonary hypertension, and asthma (20, 21) . Thus, noninvasive methods for imaging iNOS expression may be useful as a more specific biomarker of inflammatory lung disease activity. We have developed a PET tracer, 18 F-NOS, that binds to iNOS (22) and has been used to image iNOS expression in heart transplant recipients (23) . To assess its potential utility for imaging lung-related inflammation, we hypothesized that 18 F-NOS could image iNOS expression in human lungs after endotoxin instillation.
MATERIALS AND METHODS

Study Design and Procedure Flow
This study was approved by the Institutional Review Board and conducted in compliance with the Health Insurance Portability and Accountability Act under Investigational New Drug (IND) #100042 for endotoxin and exploratory IND #106089 for 18 F-NOS. All volunteers signed a written informed consent form. Eligible volunteers had no cardiopulmonary disease and normal spirometry, chest radiographs, electrocardiograms, and screening blood evaluations. Detailed eligibility criteria are listed in the supplemental materials (available at http://jnm.snmjournals.org). Figure 1 illustrates the study procedure flow. Eligible volunteers underwent a baseline 18 F-NOS PET/CT scan in the morning, followed by endotoxin instillation. A postendotoxin 18 F-NOS PET/CT scan was obtained the following morning, approximately 16 h later, followed by BAL. Spirometry testing was repeated after endotoxin administration. 18 F-NOS was synthesized as previously described (23) . Vital sign monitoring was performed throughout the study as previously reported (24) .
Endotoxin Instillation and BAL
Bronchoscopic endotoxin instillation (4 ng/kg in 2 mL of sterile water) and BAL were performed as previously described (24, 25) . The supplemental materials provide details. For BAL, 3 sequential 50-mL volumes of warmed sterile saline (37°C) were instilled in the suction channel of the bronchoscope, recovered by gentle aspiration, and pooled for analysis.
BAL Cell Processing and Immunohistochemical Staining
Cytospins of 3 · 10 5 BAL cells were created on slides, air-dried and fixed in 100% methanol, and stored at 4°C until ready for staining. One slide was stained with Hema 3 (#123-869; Fisher Scientific) to determine the percentage of macrophages and neutrophils. Slides were stained with 1 of 2 different polyclonal rabbit antihuman iNOS antibodies for fluorescence microscopy (#AB5384 that binds at the C terminus, 1:200 dilution [Millipore], or #SC-8310, clone H-174, that binds the N terminus, 1:50 dilution [Santa Cruz]) so that each volunteer had at least 1 slide stained with each iNOS antibody (at least 2 slides total stained). The supplemental materials provide details.
Exhaled Nitric Oxide Measurement
Exhaled nitric oxide measurements were obtained as previously described (26) using a NIOX MINO (Aerocrine). The baseline measurements were obtained independently before spirometry. The postendotoxin measurements were collected before spirometry on the same day. The fractional exhaled nitric oxide (FeNO) was reported as parts per billion (ppb).
Single Nucleotide Polymorphism (SNP) Testing
Toll-like receptor 4 (TLR4) polymorphisms Asp299Gly (rs4986790) and Thr399Ile (rs4986791), associated with decreased endotoxin responsiveness, were tested in all volunteers (27) . DNA was extracted from whole blood using the PureGene protocol (Qiagen) according to the manufacturer's instructions and sent for genotyping by DNA Genotek, Inc. (Kanata, Ontario).
Image Acquisition
Scans were obtained on a Siemens Biograph 40 PET/CT scanner. After a low-dose attenuation-correction CT scan (tube current, 80 mA; pitch, 0.8; collimation, 28.8 mm; effective mAs, 50) was obtained, a 1-h PET dynamic acquisition was started at the time of a bolus intravenous injection of 18 F-NOS (267 6 6.5 MBq [7.2 6 0.2 mCi], 0.35 6 0.16 mg of total mass) with the following framing schedule: 24 · 5 s, 6 · 3 min, and 7 · 5 min frames. Venous blood samples were obtained according to the following schedule: 4 · 30 s, 4 · 1 min, 2 · 2.5 min, 2 · 5 min, and 10 · 10 min. The attenuation-correction CT images were reconstructed with 3-mm slices using a B19f kernel. PET images were reconstructed using filtered backprojection (gaussian filter, 5 mm).
Image Analysis
The DICOM PET and CT image files were imported into Integrated Research Workflow 4.0 (Siemens) for analysis. The preendotoxin PET and CT images were aligned to the coregistered postendotoxin PET and CT images. Volumes of interest (VOIs) were placed on the areas of infiltrate in the right middle lobe and in an equivalent region of lung on the left using standard lung windows (center, 2500 Hounsfield units [HUs] ; width, 1,500 HU). The time-activity curves were then extracted from these VOIs on both the baseline and the postendotoxin 18 F-NOS PET scans. A VOI over the main pulmonary artery served as the reference region for the Logan plot analysis (28) , which determined the distribution volume ratio (DVR) for 18 F-NOS. The supplemental materials provide details.
Metabolite Analysis
Metabolite analysis was performed on 5 of the 7 volunteers with evaluable data using high-performance liquid chromatography (HPLC). Eighteen total HPLC fractions were counted. The available parent compound in the plasma was then expressed as a percentage of the total activity. The supplemental materials provide details.
Statistical Analysis
A 2-way repeated-measures ANOVA tested for differences in DVR and mean HUs before and after endotoxin instillation in both the right and the left lungs using Sigmaplot 12.5. (Systat Software, Inc.). The paired Student t test assessed for differences in the clinical parameters (vital signs, blood work, and pulmonary function tests) before and after endotoxin, with Bonferroni adjustments applied for multiple comparisons. When more than 1 measurement of any clinical parameter was obtained after endotoxin instillation, the most abnormal values or the values obtained immediately after PET imaging was completed were used for statistical testing.
RESULTS
Participant Flow and Clinical Characteristics
Nineteen healthy volunteers enrolled in the study. Eleven volunteers either failed screening procedures (n 5 10) or withdrew consent (n 5 1), leaving 8 who completed all study procedures. Of these 8, 1 volunteer had significant motion during the baseline PET/CT scan that could not be corrected, leaving a total of 7 volunteers with fully evaluable imaging data. Table 1 summarizes the demographics and clinical characteristics of these 7 volunteers. There were expected statistically significant increases after endotoxin in the total white blood cell count and peripheral blood neutrophil percentages. Statistically significant, but clinically insignificant, changes in temperature, heart rate, mean arterial pressure, and respiratory rate were also noted. As in our prior studies, no clinically significant adverse effects were noted after endotoxin instillation.
Endotoxin Increases iNOS Expression in BAL Cells But Not Exhaled Nitric Oxide Production
The mean BAL return volume from the endotoxin-challenged segment in the right middle lobe was 85 6 9 mL. The total number of recovered cells (894 6 431 cells/mm 3 ) and percentage of neutrophils (59% 6 12%) were within the expected range for this model (29) . Immunohistochemical assessment of cells recovered by BAL demonstrated low-level iNOS expression in neutrophils and more intense iNOS expression in macrophages (Fig. 2) . In 1 volunteer, little iNOS protein was detected in any cells with either antibody. The BAL cell counts and differentials (958 cells/mm 3 , 55% neutrophils) as well as the return volume (90 mL) from this volunteer were not different from rest of the group. No differences in FeNO measurements were noted as a result of the endotoxin (26 6 20 ppb before vs. 25 6 16 ppb after endotoxin).
F-NOS Uptake Increases with iNOS Expression by Immunohistochemical Staining
18 F-NOS DVR was higher on the endotoxin-challenged side in the region of the infiltrate on CT. Figures 3 and 4 show representative images and time-activity curves, respectively. The average VOI size in the left lung was smaller (26 6 8 mL on the left vs. 31 6 10 mL on the right) because of the heart. All volunteers with positive iNOS staining had increased 18 F-NOS DVR accompanied by increased HUs on CT (Fig. 5) . The 1 volunteer with low-level iNOS staining had no change in DVR despite an increased mean HU in the right lung infiltrate, the CT volume of which was also smaller, compared with other volunteers (4.5 mL).
F-NOS Blood Clearance Is Rapid
Approximately 40% of the parent compound was detected in the plasma at 15 min with approximately 17% remaining at 60 min after tracer injection (Fig. 6) . Only 1 major metabolite eluted early from the HPLC column, indicating that this was a polar metabolite. The second peak of activity noted at approximately 10 min after tracer injection in the time-activity curves from both the venous blood samples and the pulmonary artery VOI (Supplemental Fig. 1 ) most likely represents the appearance of this metabolite.
DISCUSSION
Our findings suggest that 18 F-NOS uptake may reflect lung iNOS expression induced by bronchoscopically instilled endotoxin in healthy volunteers. The 18 F-NOS affinity for iNOS is 5-fold higher than endothelial NOS and 2-fold higher than neuronal NOS (22) . In this study, we demonstrated that 18 F-NOS increased in all subjects who had detectable iNOS staining by immunohistochemistry. This increased 18 F-NOS uptake also correlated with evidence of inflammation by CT and BAL. In 1 volunteer with low-level iNOS expression by immunohistochemistry in cells from BAL, no increase in 18 F-NOS uptake was noted despite the presence of an infiltrate on CT and increased airway cell recruitment by BAL. These data therefore suggest that 18 F-NOS uptake in the lungs depends on iNOS expression.
The degree of 18 F-NOS uptake after endotoxin instillation was modest when compared with the higher 18 F-FDG uptake observed in the same model (24, 25) . Characteristics of the tracer itself may have contributed to this modest signal. Because this tracer is a reversible inhibitor of iNOS, no known trapping mechanism for signal amplification exists as for 18 F-FDG. Additionally, only approximately 50% of the parent compound was available for binding at 5 min after injection, with buildup of a single polar metabolite in the blood. Because of its polarity, this metabolite is most likely excluded by the lung endothelium from entering the lung parenchyma. Although the metabolite could certainly have leaked out of the vasculature as a result of the endotoxin-induced inflammation, our data suggest that this does not fully explain the uptake seen after endotoxin. The fact that we observed no change in DVR in 1 volunteer despite a clear infiltrate on CT indicates that simple vascular leak of either the parent compound or the metabolite is not enough to generate a signal with this tracer. Future studies that include measurements of extravascular lung water to compare the degree of vascular leak to 18 F-NOS uptake would help confirm these initial findings.
The modest 18 F-NOS signal may also have been due to characteristics of the model itself. The endotoxin induces early increases in cytokine and chemokine expression at 6 h, with continued neutrophil recruitment up to 24 h after instillation in healthy volunteers (29) . In the present study, both the total cell numbers and the neutrophil percentages in the BAL increased when compared with previously reported numbers from salinelavaged, normal control lung segments (29) . Normal alveolar macrophages also express iNOS (11); thus, the higher level of staining noted in the macrophages compared with the neutrophils may not have changed significantly as a result of the endotoxin challenge. The modest 18 F-NOS signal may therefore have been primarily due to the recruitment of neutrophils with low-level iNOS staining. Additionally, iNOS expression in rodent models of lung inflammation peaks early, approximately 6-12 h after endotoxin administration (30) . Although human lung epithelium is also known to have substantial iNOS expression at baseline (11), the time course for epithelial iNOS upregulation after endotoxin in humans is unknown. Therefore, maximal epithelial iNOS expression may have occurred earlier as the peak expression of inflammatory cytokines has been demonstrated at 6 h after endotoxin in this model (29) .
No change in 18 F-NOS uptake occurred in 1 volunteer with much lower iNOS immunohistochemical staining than in other volunteers. This volunteer, however, still had an infiltrate by CT and increased neutrophil recruitment by BAL after endotoxin instillation. Interestingly, the amount of infiltrate on CT, based on the VOI, was smaller than that of the other volunteers. Thus, the absence of iNOS staining may have indicated a functional defect in iNOS that limited the extent of the endotoxin-induced inflammation. Alternative splicing of iNOS messenger RNA and SNPs that could cause altered iNOS protein expression or function have been reported (31, 32) . However, we did not test for these variants. Instead, we tested for the TLR4 mutations Asp299Gly and Thr399Ile because they have been specifically associated with hyporesponsiveness to inhaled endotoxin (27) . Interestingly, 1 volunteer who carried a single allele for each TLR4 SNP expressed iNOS ( Fig. 5) , whereas the volunteer with decreased iNOS expression did not carry any TLR4 SNPs (Fig. 5) . Thus, the basis for decreased iNOS expression in this particular volunteer is unknown.
The overlap in absolute DVR values for 18 F-NOS measured before and after endotoxin may limit its clinical applicability. However, the absence of FeNO changes despite increased 18 F-NOS uptake suggests that this approach can detect mild segmental lung inflammation that is not great enough to change a global lung measurement such as the FeNO. Additionally, the dynamic range of this tracer may be higher in lung disease because the epithelium and BAL cells in asthma (14) , chronic obstructive pulmonary disease (15) , acute respiratory distress syndrome (18) , postlung transplant bronchiolitis obliterans (33) , and idiopathic pulmonary fibrosis (34) demonstrate higher iNOS expression than in healthy volunteers. This tracer may also still provide useful information about iNOS expression in clinical trials in which a baseline scan can be obtained before an antiinflammatory therapy is initiated. Nevertheless, 1 previously published study investigating 18 F-NOS in transplanted heart grafts demonstrated a small increase in signal, suggesting that further chemical modifications may be needed to improve in vivo binding (23) . Such tracers could potentially image a wider range of in vivo iNOS expression in the lungs as well as other organ systems. Improvements would also potentially enable static image acquisitions to facilitate the clinical use of this approach.
CONCLUSION
We have demonstrated that 18 F-NOS is a potentially useful biomarker of iNOS expression in the lungs. Used in conjunction with CT, this tracer may provide specific information about iNOS expression that can distinguish areas of lung parenchyma with active inflammation from areas affected by noninflammatory processes. Further studies to assess the dynamic range of this tracer in lung disease will help define its potential application as an inflammation-specific biomarker.
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